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Sagittal knee kinematics in relation with
the posterior tibia slope during jump
landing after an anterior cruciate ligament
reconstruction
Michèle N. J. Keizer1* , Juha M. Hijmans2, Alli Gokeler1,3,4, Egbert Otten1 and Reinoud W. Brouwer5
Abstract
Purpose: An increased posterior tibia plateau angle is associated with increased risk for anterior cruciate ligament
injury and re-rupture after reconstruction. The aims of this study were to determine whether the tibia plateau angle
correlates with dynamic anterior tibia translation (ATT) after an anterior cruciate ligament reconstruction and
whether the tibia plateau angle correlates with aspects of knee kinematics and kinetics during jump landing.
Methods: Thirty-seven patients after anterior cruciate ligament reconstruction with autograft hamstring tendon
were included. Knee flexion angle and knee extension moment during single leg hops for distance were
determined using a motion capture system and the dynamic ATT with its embedded method. The medial and
lateral posterior tibia plateau angle were measured using MRI. Moreover, passive ATT was measured using the KT-
1000 arthrometer.
Results: A weak negative correlation was found between the maximal dynamic ATT and the medial tibia plateau
angle (p = 0.028, r = − 0.36) and between the maximal knee flexion angle and the lateral tibia plateau angle (p =
0.025, r = − 0.37) during landing. Patients with a smaller lateral tibia plateau angle show larger maximal knee flexion
angle during landing than the patients with larger lateral tibia plateau angle. Also, the lateral tibia plateau angle is
associated the amount of with muscle activity.
Conclusion: The posterior medical tibia plateau angle is associated with dynamic ATT. The maximal knee flexion
angle and muscle activity are associated with the posterior lateral tibia plateau angle.
Level of evidence: III
Keywords: Knee, In-vivo knee kinematics, Anatomy, Tibia plateau
Background
The posterior tibia plateau angle (PTPA) is defined as
the angle of the posterior tibia plateau relative to the
plane orthogonal to the longitudinal axis of the tibia in
the sagittal plane. The PTPA has a medial angle (MPTP
A) and a lateral angle (LPTPA). On radiographs, the
PTPA has shown to be increased in patients who have
had an ACL injury compared to a group that had no in-
jury [34]. Therefore, increased PTPA is a risk factor for
anterior cruciate ligament (ACL) injury [18, 29, 33] and
re-rupture after an ACL reconstruction [10, 15, 36].
A correlation between the PTPA and knee kinematics
using cadaveric experiments (e.g. [13]) and model stud-
ies (e.g. [21, 30, 32]) have been found: it has been re-
ported that an increased PTPA is associated with larger
calculated anterior tibia translation (ATT) [30] and an
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increased passive ATT (ATTp) in ACL injured [28],
ACL reconstructed (ACLR) [5] and cadaveric knees [13].
In cadaveric knees, 80% to 90% of the anteriorly applied
tibial loads, using the drawer test, is supported by the
ACL [4]. As a larger PTPA is associated with an increase
in ATTp, some orthopaedic surgeons consider and rec-
ommend a combined ACLR and anterior closing wedge
tibial osteotomy in patients after an ACL injury. The
PTPA may play a significant role in the force load on
the ACL. On biomechanical grounds patients who have
a large PTPA may show different dynamics of the knee,
due to a difference in direction of the condylar reaction
force. Moreover, it is found that there is a correlation
between the PTPA and the knee moment by using a
model of a drop vertical jump [2]. As far as known to
the authors it is not yet known if and how the PTPA
correlates with dynamic in-vivo kinematics and kinetics
during high demanding functional tasks, such as jump
landing, after an ACLR.
This study sought to determine whether the PTPA
(MPTPA and LPTPA) positively correlate with the dy-
namic ATT (ATTd) after an ACL reconstruction during
a jump landing. The second aim was to determine how
the MPTPA and LPTPA correlates with the knee flexion
angle and knee internal extension moment during land-
ing. We hypothesized that the PTPA is positively corre-
lated with the maximal ATTd during jump landing and
that the PTPA does have a positive correlation with the
knee flexion angle and internal extension moment of the
knee.
Methods
The study was conducted at the … in the period from
April 2018–November 2019. The study design, proced-
ure, and protocol are approved by the Medical Ethical
Committee of the …. (METC number: 2017.658). All
participants were informed about the procedures and
aim of the study by letter and they signed an informed
consent before the start of the measurement.
Participants
Sample size estimations were performed a priori. Means
and standard deviations from available data from the lit-
erature [19] were entered for the MPTPA in correlation
with ATTp (r = 0.41). As no information about the cor-
relation between ATTd and PTPA is available in the lit-
erature, the correlation between ATTp and MPTPA was
used for the power analysis. Based on a statistical power
set at α ≤ 0.05 and a power of 80% to detect a statistically
significant correlation, 33 subjects were needed.
To be on the safe side of the statistical power, 37 pa-
tients (13 woman and 24 men; age: 18–39) were in-
cluded in the study. Inclusion criteria were 1 to 2 years
post-surgery, age between 18 and 45 years and ACLR
with autograft hamstring tendon. Exclusion criteria were
patients with cartilage pathology that needed concomi-
tant surgical treatment and changed the standard re-
habilitation, who underwent a revision ACLR, osteotomy
or contralateral ACLR. For baseline characteristics see
Table 1.
Surgical technique
Subjects were included in this study after surgery,
though in all patients the same surgical procedures were
followed. For all surgical procedures, ipsilateral gracilis
and semitendinosus autografts were used. If the graft
diameter was less than 8mm, one of the two grafts was
tripled. After arthroscopic inspection of the patellofe-
moral joint and the cartilage and menisci of both com-
partments, the remaining ACL stumps were removed.
First, the femoral socket was created through the antero-
medial portal using a cannulated reamer 0.5 mm less
than the diameter of the graft. Subsequently, the tibial
tunnel was drilled using a cannulated reamer with the
diameter of the graft. After introduction, the hamstring
graft was fixated in the femoral socket with an endobut-
ton (Endobutton CL Ultra; Smith & Nephew) and after
20 cycles the graft was fixated in the tibial tunnel with a
plug and a peek interference screw (Biosure; Smith &
Table 1 baseline characteristics
Mean Range Man Woman
Age (year) 25.9 18–39 Gender 24 13
Height (cm) 181.7 161–197.6
Weight (kg) 78.2 51.7–111.6 Yes No
Month post-surgery 16.4 12–24 RTS/not RTS 26 11
Hop distance (cm) 132.6 37.4–183
MPTPA (deg) 3.7 −2.1-8.8
LPTPA (deg) 5.3 0.6–12.2
Maximal dynamic ATT (mm) 12.1 −0.1-22.3
KT-1000 arthrometer (mm) 5.1 1.1–9.5
MPTPA medial posterior tibia plateau angle, LPTPA lateral posterior tibia plateau angle, ATT anterior tibia translation, RTS return to sports
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Nephew) of 1 mm more than the diameter of the graft
with the knee in 0–10 degrees of flexion.
Study parameters
The primary outcome measures were the maximal
ATTd during a single leg hop for distance (SLHD) land-
ing determined using a passive motion capture system
(VICON VERO; VICON Motion Systems Ltd., Oxford,
UK) and its embedded methods and the MPTPA and
LPTPA determined using MRI. The MRI’s were taken as
part of the care as usual. In addition, primary study pa-
rameters during the jumping task were the knee flexion
angle, and internal knee extension moment measured
using a Vicon system and force platform (AMTI; Water-
town, MA). During the single leg hop for distance sur-
face electromyographic (sEMG) data was captured using
Cometa electrodes (Cometa Wave Plus Wirless sEMG
system, Cisliano Milano, Italy) of the medial hamstring
(MH), lateral hamstring (LH), rectus femoris (RF), vastus
medialis (VM), vastus lateralis (VL), gastrocnemius med-
ialis (GM) and gastrocnemius lateralis (GL) [25]. A sec-
ondary study parameter was ATTp measured with the




First, 42 retroreflective markers and sEMG electrodes
were attached to the participants. Markers were attached
as shown in Fig. 1 (adapted from Boeth et al. [3]). sEMG
electrodes were attached using SENIAM guidelines [25].
The same investigator (MNJK) performed all marker
and electrode placements. Marker positions were mea-
sured using the 10-camera three-dimensional motion
capture system Vicon at a frequency of 200 Hz. After
attaching the markers, calibration frames of a flexion-
extension movement and a star-arc movement, as pre-
scribed by the manual of VICON, were performed to be
able to identify the joint hip and knee centres and axes
of rotation of the knees [8, 9]. Then, the SLHD were
performed as described previously [35]. For another
study the SLHD was performed for both legs, for this
study only data of the operated leg was of interest. First,
three practice jumps were performed with both legs.
The participants hopped forwards as far as possible
starting from standing still on their tested leg. They were
instructed to stand still for at least 3 seconds after land-
ing to assure a controlled landing. The median distance
of the practice jumps was used as the starting distance
from a 40 × 60 cm force platform (AMTI; Watertown,
Massachusetts). Next, twenty successful jumps, 10 with
each leg. Were performed where the participant landed
on the force plate. The starting leg was randomised.
MPTPA and LPTPA using MRI
The MPTPA and LPTPA were measured by means of
MRI using the circle method [12, 20] using a customized
MATLAB script. See Fig. 2 for a description of this pro-
cedure. This procedure was repeated three times for
each slope and each participant by the same researcher.
The mean of the three calculated angles was taken.
Quantifications of dynamic ATT and knee angles
For quantification of ATTd and knee angles see Keizer
and Otten (2020). In brief, two coordinate systems were
reconstructed in the tested knee using a customized
MATLAB script based on the method of Boeth et al. [3].
One system was reconstructed in the femoral segment
(parent system) and one in the tibia segment (child sys-
tem). The motion of each coordinate system is consist-
ent with the movement of the respective segment. After
reconstruction of the two coordinate systems, the fem-
oral coordinate system was translated and rotated to-
wards the local tibia coordinate system. Finally, the
anterior tibia translation was quantified in millimeters
using the relative movement of the joint centre of rotation
of the tibia coordinate system relative to the joint centre
of rotation of the femoral coordinate system in the local
tibial coordinate system. The coefficient of variation of
this procedure across 16 healthy knees is 5.2% +/− 1.2%
and excellent reproducibility was observed (ICC(3,1) =
0.92) [3]. Moreover, Keizer and Otten [17] showed that
ATTd larger than 2.32mm (mm) is reliable in terms of
wobbling masses and the Vicon marker position error.
The knee flexion angles, the rotations between both co-
ordinate systems, tibia and femur, were calculated. The ro-
tations are obtained using scalar products as in the
equations explained in Robertson et al. [26].
Data analysis
Data were processed and analysed using MATLAB ver-
sion 9.4 (The MathWorks Inc., Natick, Massachusetts).
The ATTd, sagittal knee angle and knee extension mo-
ment during each jump were determined from the mo-
ment of first ground contact until 0.5 s after the moment
of first ground contact. The moment of first ground
contact was determent as the moment where the vertical
ground reaction force measured by the force plate was
at least 5 % of the participants body weight expressed in
N. Kinematic data were filtered using a convolution filter
with low pass frequency of 10 Hz with zero lag. Using
inverse dynamics, the ground reaction force vector and
its lever arm to the centre of the knee of the stance leg
where used to calculate the internal knee extension mo-
ment, which was normalized to body mass [38].
sEMG signals were recorded at 1000 Hz. The signals
were rectify and a fourth-order low pass frequency But-
terworth filter with a cut-off frequency of 6 Hz with zero
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lag was used to filter the muscle activity, taking into ac-
count an electromechanical delay of 50 milliseconds.
The EMG signals were scaled to the mean muscle activ-
ity during 1 s before IC until 1.5 s after IC of the single
leg hop for distance to minimize the effects of body fat
and skin conductivity. The EMG was not scaled to the
maximal muscle activity of an isometric contraction task
as a large variation in peak activation of, especially the
medial hamstrings muscle, during this task was
observed.
Statistical analysis
For all statistical analysis the Statistics Toolbox from
MATLAB version 9.4 was used. To assess the intertrial
repeatability of the approach to measure the MPTPA
and LPTPA the intraclass correlation coefficients ICC(3,
1) was determined [24].
A Pearson correlation was performed between ATTp
and maximal ATTd. A multi-regression analysis with
intercept was performed for both the MPTPA and LTPA
correlating with the maximal ATTd, knee flexion angle
and knee extension moment. A Pearson correlation was
calculated between the maximal ATTd during jump
landing and the MPTPA and between the maximal
ATTd and the LPTPA. In addition, Pearson correlations
were calculated between the MPTPA/LPTPA and the
maximal knee moment, and between MPTPA/LPTPA
and the maximal knee flexion angle. An alpha of ≤0.05
was considered to be significant. If a correlation was sig-
nificant, a correlation coefficient of 0.2–0.49, 0.5–0.79
and 0.8–1 were considered to represent a weak, a mod-
erate and a strong association, respectively [14].
A statistical parametric mapping (SPM) canonical cor-
relation analysis (CCA) was performed to find the sig-
nificance between muscle activity and the LPTPA or
MPTPA over time. An open-source spm1d code
(v.M.0.1, www.spm1d.org) in MATLAB version 9.7 was
used to perform the SPM{X2}. For this analysis, data
from initial contact until 0.5 s after initial contact was
used. Correlations were calculated between LTPTA or
the MPTPA and the activities of the muscles. The null
hypothesis was rejected when the original SPM{X2} ana-
lysis exceeded the calculated critical X2-value (threshold)
based on an alpha of ≤0.05, implying a correlation.
When significant values were reached, a post-hoc
Fig. 1 Marker placement. Markers were attached on the right and
left anterior and posterior superior iliac spine, the right and left iliac
crest, the greater trochanter, the medial and lateral epicondyles of
the knee, the medial and lateral malleoli of the ankle, the heel,
anterior of the talus bone and the first and fifth
metatarsophalangeal joints. Besides, two additional markers were
attached to the pelvis, two to the thigh, and six additional markers
were attached to the shank (adapted from Boeth et al. [3])
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regression analysis was performed over time for each
muscle activity separately.
Results
MPTPA, LPTPA and ATT
The PTPA was measured three times for each partici-
pant by the same researcher. Excellent reproducibility
was found between instances that the PTPA was calcu-
lated (MPTPA ICC(3,1) = 0.98, LPTPA ICC(3,1) = 0.98).
For the mean and range of the MPTPA, LPTPA, ATTp
and ATTd see Table 1. A non-significant correlation
was found between ATTp and maximal ATTd (p =
0.20).
Correlation between PTPA and kinematics
A multi-regression analysis with intercept revealed a
non-significant correlation for the MPTPA (p = 0.18)
and LPTPA (p = 0.09). See Table 2 and Fig. 3 for correla-
tions between the tibia plateau angles, ATTd, maximal
knee flexion angle and maximal knee extension moment.
Muscle activation and PTPA
The SPM{X2} analysis of the lateral tibia plateau angle
with the muscle activity showed a significant CCA be-
tween 6 and 10 ms after initial contact (p = 0.03; Fig. 4a).
The post-hoc SPM{t} regression analysis showed a sig-
nificant negative correlation of the medial hamstrings
muscle between 4.5 and 7ms after IC (Fig. 4b). All other
muscles did not show a significant correlation with the
lateral tibia plateau angle (Fig. 4c-h). The SPM{X2} ana-
lysis of the medial tibia plateau angle with the muscle
activity showed a non-significant CCA (Fig. 5).
Discussion
The most important findings of this study are that there
is a weak significant negative correlation between ATTd
and MPTPA and between the maximal knee flexion
angle and LPTPA. Moreover, a significant correlation
between muscle activation (especially a negative correl-
ation of the medial hamstrings) and the LPTPA is found
just after initial contact. This may imply that the slope
of the PTPA is associated with the kinematics of ACL
Fig. 2 Determination of the medial and lateral PTPA using MRI and the circle method [12, 20]. First, the central sagittal MRI image was found (left
image). This image was determined using the following criteria: the anterior and posterior proximal tibia cortices were visible in concave shape
and the intercondylar eminence and the posterior cruciate ligament attachment were visible in the image. In this image, a circle was fitted to the
proximal tibia, tangential to the cortices. A second circle was fitted distally in the tibia with its centre placed on the first circle. The longitudinal
axis was determined by the line connecting the centres of the two circles. Then, the mid-sagittal images of the medial and lateral femoral
condyles were selected (middle and right image). The angle between the line connecting the anterior and posterior articular surface of the
posterior tibia plateau and the line at right angles to the longitudinal axis of the tibia on both medial and lateral images were the MPTPA and
LPTPA respectively
Table 2 correlations between the tibia plateau angels and
dynamic ATT, maximal knee flexion angles and maximal knee
extension moments
p-value r-value
Dynamic ATT MPTPA 0.028a − 0.36
Dynamic ATT LPTPA 0.88 N.S.
Maximal knee flexion angle MPTPA 0.28 N.S.
Maximal knee flexion angle LPTPA 0.025a − 0.37
Maximal knee extension moment MPTPA 0.46 N.S.
Maximal knee extension moment LPTPA 0.15 N.S.
MPTPA LPTPA 0.02a 0.38
a: significant
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injured and reconstructed knees and that patients with a
larger LPTPA automatically adapt their landing strategy
(i.e. more knee flexion angle and medial hamstrings ac-
tivity) to the anatomy of their knee.
Previous model studies showed that an increase in
PTPA results in an increase in ATT (e.g. [30, 31]). Our
study confirms that there is an association between
ATTd during jump landing and the MPTPA. However,
we found a negative correlation where the previous stud-
ies found a positive correlation: in our study, patients
with larger MPTPA showed less maximal ATTd than
patients with smaller MPTPA (r = − 0.36). This is not as
we hypothesized. In a passive situation tibiofemoral
contact force on the tibia plateau in people with a larger
PTPA results in more ATTp than when the PTPA is
smaller. One possible explanation for the contradiction
may be that during dynamic situations compensational
muscle activation patterns play a significant role in limit-
ing the ATTd. A non-significant correlation between
ATTp and ATTd also implies this. During our study, pa-
tients may have compensated for increased ATTd or
PTPA by using suitable muscle activation patterns or
kinematics. A significant CCA between muscle activa-
tion and the LPTPA just after initial contact is indeed
found. This is in line with previous studies who found
adaptative muscle activation patterns in patients after an
Fig. 3 Correlations between MPTPA and the maximal dynamic ATT (a), knee flexion angle (c) and knee extension moment (e), and between
LPTPA and the maximal dynamic ATT (b), knee flexion angle (d) and knee extension moment (f). *: significant
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ACL reconstruction during gait [27] and suggested that
neuromuscular compensation strategies enable patients
after an ACL reconstruction to return to high demand-
ing sports activities [22]. A 3D computer model study
fed with real in vivo data could investigate the effect of
the PTPA on kinematics, kinetics and muscle activity in
further detail.
It has been shown that patients who have had an ACL
injury compared to a group that had no ACL injury have
larger LPTPA [34]. In our study we found that patients
after an ACLR with larger MPTPA showed less ATTd
and did not find a significant correlation between the
LPTPA and ATTd. The results of Sonnery-Cottet et al.
[34] and our results seems to contradict each other.
However, as described in the previous paragraph, pa-
tients after an ACLR may compensate for larger PTPA
by using muscle activation patterns in a way to reduce
ATTd. When there is a loss of feedforward muscular ac-
tivation control, for instance at foot positions that occur
in a very short time span, an ACL (re)injury may occur
in patients with a large PTPA because forces are not car-
ried by the muscular components. This is in line with
previous studies that showed that the PTPA correlates
with an increased ATTp in ACL injured, ACL
Fig. 4 SPM{X2} canonical correlation analysis between muscle activity and the LPTPA (a). Pos-hoc SPM{t} regression analysis between LPTPA and
the medial hamstrings (b), biceps femoris (c), vastus lateralis (d), vastus medialis (e), rectus femoris (f), gastrocnemius lateralis (g) and
gastrocnemius medialis (h) activation. X2* and t* are the significant boundaries of the analysis
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reconstructed and cadaveric knees [5, 13, 28]. We did
find a significant CCA correlation between the LPTPA
and muscle activation, which suggests that patients in-
deed amend their muscle activation to the anatomy of
their knee, especially by reducing their medial hamstring
activity when the LPTPA is larger. This result is in line
with our finding that patients with larger LPTPA showed
smaller maximal knee flexion angle during jump landing
than patients with smaller LPTPA. Patients with a larger
LPTPA may automatically adapt their landing strategy
(i.e. maximal knee flexion angle and hamstring activa-
tion) to their anatomy of the knee. Less knee flexion
angle reduces ATTd. Further research could investigate
if patients with larger PTPA use different muscle
activation patterns than patients with smaller PTPA to
reduce the ATTd.
The MPTPA and LPTPA have a low correlation: some
patients with large MPTPA have small LPTPA (the dif-
ference between MPTPA and LPTPA is − 9.1 to 3.7
(mean: − 1.82) degrees in our study). Previous studies
found asymmetry (a nonsignificant or weak correlation)
between the LPTPA and MPTPA [11, 23, 37]. A large
LPTPA does not necessarily imply that these patients
also have a large MPTPA. Our results showed, in most
cases, a larger LPTPA than the MPTPA, which is also
found in the study of Hashemi et al. [11]. Hashemi et al.
[11] showed a range of MPTPA of − 3 to 10 degrees
(our study − 2.1 to 8.8) and of LPTPA of 0 to 14 degrees
Fig. 5 SPM{X2} canonical correlation analysis between muscle activity and the MPTPA (a). Pos-hoc SPM{t} regression analysis between MPTPA and
the medial hamstrings (b), biceps femoris (c), vastus lateralis (d), vastus medialis (e), rectus femoris (f), gastrocnemius lateralis (g) and
gastrocnemius medialis (h) activation. X2* and t* are the significant boundaries of the analysis
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(our study 0.6 to 12.2). We suggest that a larger LPTPA
than the MPTPA is beneficial in terms of biomechanics
because this combination provides a larger internal tibia
rotation moment during walking. A larger internal tibia
rotation moment (counteracted by a moment from the
floor) helps to rotate the trunk in swinging the other leg
forwards during walking. Also, our results showed a cor-
relation between ATTd and MPTPA, however, not be-
tween ATTd and LPTPA.
Some orthopaedic surgeons even consider and recom-
mend a combined ACLR and anterior closing wedge tib-
ial osteotomy in patients after an ACL injury in order to
reduce the PTPA [6, 7, 13]. It is shown that with an ab-
sence of applied internal moment, an anterior closing
wedge tibial osteotomy in cadaveric knees alters knee
kinematics, reduced the ATTp, which results in a reduc-
tion of ACL load [13, 39]. However, neuromuscular con-
trol, kinematics and kinetics were not taken into
account. Future studies should investigate whether the
ATTd is reduced, in situations with loss of muscular ac-
tivation control, after an anterior closing wedge tibial
osteotomy to confirm this suggestion.
Limitations
A limitation of this study that needs to be addressed is
the potential influence of wobbling masses on the mea-
sured ATTd. However, Keizer and Otten [17] have iden-
tified the sensitivity of the method to determine ATTd
on the marker placement (wobbling masses) and Vicon’s
position error. The error found in this sensitivity study
was less than 2.32 mm [17]. The results of the current
study were interpret using this error. A lack of golden
standard makes it impossible to verify the outcomes of
the methods used. When compared to previous studies
the range of ATTd is comparable. In previous studies
the ATTd range was 11.5 mm (− 4.7 to 6.8 mm) [16] and
12mm (− 2 to 10mm) [17] both using the same
methods, 10 mm (8 to 18mm) using bi-planar fluoros-
copy model-based data during running [1]; all in healthy
subjects. In our study the mean range of ATTd was
13.42 (− 2.96 to 10.46). A second limitation may be the
method of normalization of muscle activity. Muscle acti-
vation was normalized to the percentage of the mean
muscle activity during the single leg hop for distance.
This normalized muscle activation may be more com-
parable between patients than the absolute maximal
electrical muscle activation. This was done because we
observed large differences in the maximal muscle activa-
tion between legs during this task, especially in the med-
ial hamstrings muscle. Since we are averaging over
subjects in a group, this provides numerical more stable
results. A third limitation is the absence of information
about the tibia plateau slope of the contralateral knee. It
would be very interesting for future study to investigate
the contralateral tibia plateau slope in correlation with
muscle activation and the difference between the contra-
lateral and injured knee.
Conclusion
The ATTd during a single leg hop for distance is nega-
tively correlated with the MPTPA, however not with the
LPTPA. Moreover, patients with a smaller LPTPA show
larger maximal knee flexion angle during landing than
the patients with larger LPTPA. Moreover, a correlation
between the LPTPA and semitendinosus activity was
found.
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